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I. INTRODUCTION 


A. GENERAL 

The helicopter design process, the subject of numerous 
nn and studies is an evolving discipline that borders 
on being an art. A successful design must balance the 
Dg osuceos and desires against practical capabilities. 

With the introduction of composite materials and new 
Dp-ommolcsTes, principally in rotor and engine performance, 
Significant advances have been made in helicopter capabil- 
itıes. In some instances, the performances of hybrid 
vet opter designs rivals that of a similarly sized conven- 
n rart. For example, the YVX, a joint Boeing-Bell 
have the hover and low speed capabilities 
BN ili opter while being able to cruise at 300 knots. 

[eipeeewcommercial and military helicopter designs are 
E butv years old. The first major use of helicopters 
scseurinse the Korean conflict. To put this in 
Pen peetiwe, the first. large scale use of conventional type 
aircraft was in World War I. 

MENN Optèr design can proceed on a number of different 
levels, ranging from comprehensive computer design programs 
to preliminary analysis using simplifications of the basic 
performance equations. Each has its merit and place. 


Computer-aided design provides a great deal of data. 


10 





Benerally, these programs integrate aircraft configuration 
EE “performance and weight calculations in an iterative 
process. An example of a computer design program for heli- 
P s ls the Helicopter Sizing and Performance Computer 
Program [HESCOMP], orginally developed by Boeing-Vertol 
for NASA. This program is currently used as a wide number 
Da uens conducting studies in helicopter design. 
Me Opposite end of the spectrum would be sensitivity 
ECC nESrudres using the performance equations. Surprisingly 
Beecumatc simplications of these equations can be made. This 
Mee ehe designer with an excellent method for doing 


kai preliminary helicopter sizing at a low cost. 


PAR OBJECTIVE 
Im report is an investigation of several of the 
K sss mployed in the preliminary design of a helicopter. 
Poiecwrialiy, the report can be divided into three parts. 
Mee irst S€Ction, a Sensitivity analysis of the basic 
pm maeerequatjions 1s performed. Tne purpose here is to 
ascertain where reasonable simplications can be made 
Be iosnor seriously degrade the accuracy of the result. 
In the second section a graphical method of doing 
Povetermrlesdesign Studies, Known as Carpet Plots, is 
developed. This method allows the user to formulate a 
EE I Ol tion matrix to meet the design criteria 


caro ene helicopter. Carpet Plots are 


li 








piuenbtariy instructive since they give visual insight 
Berne interplay of the various design parameters. 
M SCCLION, an overview of HESCOMP is given. 
Pis o s are developed which enable a person to access 
MESCOMP on the Naval Postgraduate School Main Frame IBM 


system. 
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DES ENSLILVITY ANAENSES OF BASIC HELICOPTER EQUATIONS 





A. DESCRIPTION OF PROBLEM 

Mime wimimary helicopter design, there are a number of 
NK XPSnhees where a quick first cut analysis would be 
Br ne lptul. This Xs especially true in determining 
BEN ini ry Size Of the helicopter required to meet 
paspseertications. 

EEE rorlcally, there are a number of variables in the 
E oane equations of helicopters which may be treated 
as constants. This may allow for significant simplifica- 
we aid in the preliminary design process. 

wene section, a sensitivity analysis of the per- 
wee equations is done. In a sensitivity analysis, 
de ameter [or variable] is varied in order to deter- 
mine its effect on the equation. Variables which are 
shown to have little effect may be treated as constants and 


the equation simplified accordingly. 


DE OPIDITY 
So. is the fraction of the disk area that is 
composed of blades. It is a function of b , the number 


ngu - wot a constant cord, c , at a radius, k: 


15 





EPI SK LOADING: 
Disk loading is defined as the ratio of the weight to 
Aneto tal area ot the rotor disk. 


WEDGE 


S rE. 


i 
PIE 
| 
m~a 
pa 
= 
E 
A 
ct 
BO 
MÀ 


D. POWER LOADING 
kane koading is the ratio of weight to input power. 
- W E 
PL = —— [1b/hp] G25) 


E 
in 


thrust equals weight; this allows us to 
Nome ene power loading for the hover condition as 


» EE De [1b/hp] (2.4) 


pL » .i. . —ROTOR THRUST — 
ae ROTOR HORSEPOWER 


FU O LEET OF THRUST AND POWER 
The coefficient of thrust, Cr INN Ane ns tonal 


Eet which facilitates computations and comparisons: 





Cp = — =: (Eva 
Ap Vy TR op (QR) 


Simieraniy, a coefficient of power, > » has been 


copas sed as: 
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C = P = = — — 18) 
P Ap Vo. TRép(AR) 





No significant simplifications can be made to either of 
these coefficients. However, it should be observed that 
ELM IIC Ont oi thrust is inversely proportional to the 
rm ebe rotor tip velocity, while the coefficient of 
anyin rnvetsely proportional to the cube. 

mne all other factors being equal, increasing the 
R5 velocrity from 600 fps to 700 fps [an increase of 
EM cut] will have the following result on these 


coefficients. 





ApV 


Mn ns) 


mee, (Cll TOUNÉ 


IA E 
Api. Sons) 


iitememetticient of thrust is reduced by 26.9 percent. 


Seren, tor the coefficient of power: 
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ApV 


e en — 


AoC1-167)^ 


mm D. 
Ap (1.589) 


uni t:rcrent of power is reduced by 37.1 percent. 


F. HOVER POWER 

The total power in a hover is made up of two terms, 
morile power, Pa mand ON e e E 

Mel zinoc black element theory the profile power 


micr (o hover can be expressed as: 


EE * 5 
= = m 9 y C do D A(QR) [2:2 


The induced power predicted by momentum theory is: 





Fi š Vin Í 
(255) 
T3/2 
S 
The total power required to hover is: 
pompes sp (ZEN 
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S72 
E 15/2 l m 5 A ^ 
PT — 37 C do p A(QR) (2 0) 
¿TOR 





tay ton in Helicopter Performance, [Ret. 1], 


found that for the optimum hover power, the induced power 
K equal to twice the profile power. The analysis was 
performed in the following manner. 

De aming constant weight, density, solidity, and an 
Mai profile drag coefficient, as well as a fixed 


w onal velocity, equation (2.10) reduces to 


EN ex 1 


where C1 and C, dare constants: 

EE (2.12) shows, profile power increases as 
the square of the blade radius while the induced power 
decreases with increasing blade radius. 

ME imumhover power with respect to rotor radius 


can be determined by taking the differential and setting it 


equal to zero. 


ee 
an E 2 C,R (2.12A) 
C 
or m = 2 CR Zn) 
which implies EE (2.12C) 
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CSI IPTTCOPTER SIZING 

A simplified relationship between the total power 
required, gross weight and rotor radius can be developed in 
the following manner. 

The total power required to hover equation for the main 
rotor was developed in the preceding section and is 


mepeatea here for clarity. 





Pr = 2 E a Ze) 
5 
me: 1 I = ped 
Pr Se R a s O y C ao OT Vtip R (aldo) 
Y270 
ee Rover, thrust equals weight. Solving equation 


MAA RO weight one obtains: 
= [P+ ` © E om V pa J oA (2.1559) 


e ju (TOn may be further simplified if it is 
EE ENA the density, average profile drag coefficient 
An e locity are constants; these are reasonable assump- 
as torilcally, the average profile drag coefficient 
KANA AIME Opter nas been approximately 0.01. The operating 
EE aC CHIC Of today's helicopters, especially military, 
E05 000 feethagl. This allows for the use of the 
standard sea level value for density with little error. 
En x due GO tip mach effects, the upper limit on the 


Homoiemrto velocity 1S in the range of 700 fps. 


18 








The resulting equation with these assumptions incor- 


Ha ed into a constant, K , is: 


I 2/3 _ 
W = [47.527 P, R - K, bc]2/ E 


Equation (2.13) can be further reduced when the order 


of magnitude of the two terms is considered. 


215085 27 Pr R >> Ki pic 


BUS. 


Wm [47.527 p_ R]2/? (2.14) 


B 


eee terni ne how accurate this e is, the 
Ewanton 15 used to approximate the total weight of a 
number of helicopters for which the parameters are available. 
DE uc 7.1 indicates, the weight approximation formula 
metas values within six percent of the actual total weight 


Bea e helicopters. 


WE TGURE OF MERIT 

a e oi merit, FM , has been defined for the 
m MN op ee as the ratio of the ideal rotor induced power to 
the actual power required to hover, with non-uniform induced 


UE trp losses and profile drag power. 


Is 





REEITCOPTER 
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UH- IN 
l li 
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UH-60A 
H- 543 
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i> DOE 


El GOP FER WEIGHT COMPARISON 


TOTAL GROSS 
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(1000 1bs) 
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TABLES -1 


CALCULATED 
GROSS WEIGHT 
(1000 1bs) 


14.69 
15.74 
20205 

SO 


19255 


41.00 


DOES 


El 
ACTUAL 
GROSS WEIGHT 


101% 


100% 
98% 


84% 








In a nover, 


FM 


the figure of merit may be written as: 





SI AN? OU 
Và. dp 
G25) 
— 
V2C 
p 


MWE Eiogure of merit is customarilty plotted against the 


wu HtPty CT/o 


Desen tn AE A kes ARE sa | 


eh ES 


Mo a tonal to the average blade angle of attack and can 


Ken as a measure of rotor efficiency. 


The curve in 


teclas based on data from Reference 2 for a typical 


pU Otor helicopter. 


Main Rotor Hover Performance 
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Previous studies have shown that a figure of merit 


If the induced power is between 70 and 80 percent of the 


between 0.70 and 0.80 is considered average. [Ref. 


Gl 


an at power, the figure of merit will be approximately 0.75. 
With the figure of merit limited to values between 
ana 0.80, the following simplification can be made, 
assuming the hover condition of thrust equaling weight and 
Eisamaard sea level conditions: 
FM = m sm (ZING) 


67.214 Pak 


Mou av helicopter design, the rotor radius has been 
sss Dv tlicht deck spotting constraints to less than 
EM He exception to this is the H-3, R = 31 feet and 
the H-55, R = 36 to 38 feet [depending on the model]. 
However, these two helicopters work almost exclusively from 
Iun dedicated ships such as the LPH, LHA and CV. 

If the small deck operating assumption is made, 
equation (2.16) can be further simplified to [assuming 
Dau feet]: 


„9/2 


= 1881.98 FM (2.17) 


EDEDUINOt 0-780 will yield a P to W relationship of: 


w>/2 


EN A (Zale) 
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while an M of 0.70 yields a relationship 


3/2 
pwen ak Gwo 
ISTE E 


If equation (2.17) is solved utilizing the approximate 


weight relationship developed earlier of 


w3/2 e od) PR RS 


ITH i or the figure of merit of 0.707 is obtained. This 


o the historical range of values. 


IL ROTOR SIZING 

o cortical analysis of typical helicopters [Ref. 3), 
shows the following empirical relationship for the tail 
Geter radius 


GN 122 


Ry see (1000! iut! (GAZ) 


u EOmparing the results of this equation with actual 
sus or radius data, it was found that if a multipli- 
F oi actor of 1.2 is used vice 1.3 a better approximation 


imenmained. lhe results are tabulated in Table 2.2. 


J. FORWARD FLIGHT POWER CONSIDERATIONS 
[w EE ad power in forward flight consists of induced, 
enyen ie andi panasite power. If the helicopter ls a single 


nouemmvenicie, the tail rotor power should be taken into 


23 





EET ICOPTER 


AH-64 
BEN 
ECCE 
OE 
UH-60A 
ERE 550 


(H SSE 


TABLET? -2 


TATCAROTORSS EZING 


ACTUAL TAIL ROTOR APPROXIMATION [FT] 
RADIUS [FT] 12520 [2.21] 
4.6 4.98 4.59 
4.3 4.90 4.52 
5.3 5.95 5.5 
4.0 4.11 3.79 
5.5 5.85 5.4 
8.0 8.42 — 
10.0 11.15 10.29 
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account, as well as all mechanical losses [transmission, 
etc.] for accurate calculations. However, a reasonable 
approximation can be obtained by considering only the main 
rotor and increasing this power figure by several percent 
to account for these losses. 

I 0-072 15 a plot of thé induced, profile, parasite 


No A ai power curves for typical tail rotor helicopter. 
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nsn Power Required Versus Forward Velocity 


fn Il ICO power drops off rapidly with increasing 
korward melocity, whereas the parasite power increases 
rapidly. 

j í power is the power required to overcome the 
melmeeomecs Created Dy the aircraft's geometry. These drag 


auc are auc to pressure drag and skin friction. 
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Parasite drag is extremely sensitive to the helicopter's 
Nou It 1S generally a minimum for forward flight and 
EE fOr sideways flight. Helicopters are generally 
streamlined for forward flight and the flat plate area is 
minimum in this direction. The equation for the parasite 


power 1s: 


(2-2) 


ac arasite power 1s a function of the cube of the 
forward velocity. As such, with the advent of high speed 
helicopters a great deal of consideration has been placed 
on streamlining the geometric shape in order to reduce this 
power requirement. 

Blade element theory is commonly used to develop the 
pM NSSWer equation for forward flight. An excellent 
deve top ment ot this equation is given in Reference 1. 


The profile power equation in forward flight is: 


S 2 


a A VEN NS oué] EEN 


Í 


STEE 25) is a function primarily of the main 
rotor geometry. The variable with the most significance 
EN E JD tip velocity; increasing the tip velocity from 
ENN EY Es results in a 58.8 percent increase in 


profile power [assuming other factors are constant]. 
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MIN MM IMAUCEAG power is a function of the induced velocity. 
Me er the total flow through the rotor system is 
induced. As the forward velocity increases, the mass flow 
rate through the rotor disc increases due to the forward 
mI Een ofthe helicopter. Thais reduces the induced 
welocity. 

Ica UA E TON [07 the Induced power requirements at all 


Wopwarda velocities is: 


BE E Vit ge 


where 


| 


v vÀ x _ 
Vi om s Or 1 V RE 


Buch forward velocities, the induced power required 


eoe approximated as: 


we 
P; = Jee = Zeit, (2.24) 
Ars ocal power tor forward flisht is the sum of the 


u us profile and parasite powers. 


= ES 
Pa NE w D 0225 


AN 





d 
SEET EE "e 


naeh forward velocities, equation (2.23) can be 


u c into equation (2.25), resulting in: 





2 z V 
_ NW 1 $ t 
(2209205 
3 
gr e 
If one makes the following assumptions: 
W - const — 
Oe EONS G= Const 
ver = const 
Ed syon (2.26) reduces to 
| K 
S O E Ee 
T n^ p 


NNI uve of equation (2.27) with respect to radius is: 


dP. 2K} 
SE ws +2 K, R 27:3) 
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Seti? Enis equal to zero, one obtains: 








2K, 
ERR (2 
R 
2K 
Roa p- 1 - 
> *“ [ SE? Z K, RI =0 (2. 
K 
1 2 
— = K, R (2 
z 2 
P. = P e 
E, 


.28a) 


28b) 


AYEN 


12d 


ans definès point of minimum total power required for 


e range. “This corroborates with the results obtained by 


Waldo Carmona [Ref. 4]. 
Roco tal power required is differentiated with 
ee EE velocity and is set equal to zero, it 


be seen that 


DS o a 
1 O 
or 
MO PE (2 
ZoAV, 2 7 
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Solving this equatıon for velocity results in: 


172 
E we ely 
Vie = E d | £t/sec Da 


conan? tO Carmona (Ret. 4], this corresponds to the 


best endurance velocity. 


LIEN j TY EFFECTS ON TOTAL POWER 

The effect of density on the total power required in 
forward flight is as follows: 

The general operating altitudes of a helicopter are 
nO 000 feet. The corresponding ICAO STANDARD 


ATMOSPHERE range for density is 


o Bee re ee 


O 
II 


0 0) T TB sec^/£t^) at 10,000 feet 


1O) 
II 


Ese varies from 1 to .7385. 
iitemerreet On the components of P, are as follows: 


Induced Power: 


Way ooo ly AN to 





n SOS 


NEN ansia tes to a 35 percent increase in the induced 


power. 
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mwa 1tée and Profile Power: 
Boch parasite and profile powers are directly propor- 
ED wo the densrty ratio. Therefore, as you go up in 


altitude both Gë and Pg are reduced. 





BEE ARBETSEROTEDES TEN STUDY 


A. DESCRIPTION OF PROBLEM 

EH EE helicopter design involves one with a wide 
range of choices. For any given payload and performance 
ELI CHtLIons. there a number of helicopter designs that 
px the requirements. The problem in the preliminary 
si process is narrowing these possibilities and 
MEN EEtins tics design which will provide the best helicopter 
EE HIE S LOT. 

Obviousiy, the operating environmental constraints help 
@emectine the basic configuration. These constraints are 
MEME specified in the Request for Proposal [RFP], in the 
ease Of Be REENEN EE | 
msn Sr placed on the design of a Navy helicopter are 
HE Ze OF the Ship deck and hangar from which it will be 
Weems, tie requirement for a blade fold system, dual 
Ena oni i guration and IFR capability. 

E neuwth these design constraints, there is still 
AN e degi of leeway. In order to insure that the best 
memeconter desion is selected, an appropriate number of 
sns, AER the specifications should be inves- 
ANE A ee each solution is generally characterized 


DNE WU rerent Combination of design parameters, the 
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EI" according to Greenfield [Ref. 5], can best be 
made throush a parametric study which allows for the 
optimization of many design parameters. 

nesmetnaod of parametric analysis used is Carpet Plots. 
This method is based on the simultaneous graphical solution 
Aeae weight and hover performance equations. To this 
Solution set is added to the environmental constraints to 
HENCE copters size. This effectively brackets the area 
NEENeceptable design solutions. 

This method assumes that minimum gross weight is the 
Hx ont by which the best [or optimum] design parameters 


are selected. 


B. ASSUMPTIONS 
MAN Tir (oil used is a derivative of the NACA 0012 


with the following mean approximate values from Reference 5. 


NES Move ol airfoil section lift curve, dC, / da A 
porn 

3-5. 735 

ô = blade section drag coefficient 

$g 7 E19 

3 SE, 

T e ail rotor radius is assumed to be .16 


ES EN main rotor radius [Ref. 5]. 
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b) The distance between the rotors, or tail rotor 
moment arm, Ann E bhe e ratios refiect 
the values of maximum rotor diameter and overall length 
sI ed as size limitations. 


Gg 


ES NM v. Historical approximation [Ref. 7]. 


A IFI IODOLOGY 

oder to properly develop the weight and performance 
equations required for a carpet plot design study, the 
payload and performance specifications of the helicopter 
PE Ms Jeu. This data is used to tailor the equations for 
Rei designi: 

M aons will be developed here for a four-place 
Is ic opter. The equation development procedure is 
sss bT S Oo other size helicopters; the development for a 
medium helicopter, 20,000 1b weisht class, is to be found 
to Appendix B. 

The following specification requirements which are 
similar to those in Reference 5 will apply to tnis design: 

1. The rotor diameter should be less than 35.2 feet. 

Ie overall length should be less than 41.4 feet. 

3. The gross weight of the helicopter should not 
exceed 2,450 lbs. 

4. The helicopter should be capable of hovering, out 
Da ON i CC t at 6,000 feet with an ambient air tem- 


pemqueure or 959r. 
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Seiner useful load at hover shall consist of, as a 
minimum, 200 lbs for the pilot, 400 lbs of payload and 
NEW EE tò give the helicopter up to three hours 
Endurance at sea level conditions. 

Maximum speed of at least 110 knots using Normal 
Rated Power, at sea level. 

Eo Power Required at 6,000 feet and 95°F shall 


be not more than 2060. 


Des HOVER EQUATIONS 
Maite mali rotor power required to hover out of 
Acta e-tect is 
Total Main Rotor Power [Hover] = Rotor Profile Power + Rotor 


Induced Power 


E I ISW DL 
Gel 
SSOBYZo, Joro, 








(oad 
À 2 
EE > E a m | 
4400 Ciro | 0 ap/o, 
At an altitude of 6,000 feet and a temperature of 959 ; 
ete, SS. Theretore, equation (1) can be simplified 
CO: 
= 1/2 
P o. = .035479W[DL] 
1600795 F C 
ee eon ee on Cues V 
Ct no LRo T 
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¡Meat rotor thrust required to Counterbalance the 


main rotor torque is: 


3 R 550 P 


ab T 
B = = —  —VsoəƏəor]p (3.3) 
TR Lorn Vo 1.19V; 
where Lop massbeen defined as 1.19R . With Ren defined 


AMS. the tail rotor disk loading can be written, 


using equation (3) as: 


— Trp _ 550 Pa I 
TR Apr 1.19, Lc 16g? 
(3.4) 
550 p. G 


F ESCHER 


Greenfield [Ref. 5], in his development, assumes that 
the tail rotor tip speed is equal to the main rotor tip 


speed and that = .02 and = .90 . With these 


m PTR 
een nons the equation for the tail rotor power required 


So ver can be written as: 


p 3/2 
8 DL 1/7 THover 
Pr = 2055.7 W m] 
er "e Ü 
(5 5.) 
-012005 PT 
Hover 
i C 
LRTR 
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En A Gl On for the tail rotor mean blade lift coeffi- 


EWENtE can be written as 


dy 
S 562:5(679,) (3.6) 


Poet IS assumed that the tail rotor is designed to counter- 
balance a sea level main rotor torque equivalent to 90 
pemsentoof tne installed power. 

er eıceucıng equation (3.6) into equation (3.5) one 
obtarns the following expression for hover tail rotor power: 


S E 


— S esa Se 


DL po P+ 
- 


E = 1374.2 Ege 


TTR6000/950 W : 


s 


¡sitas sumed that the gear losses amount to 3 percent 
and that there is a l percent cooling power loss, the total 


brake horsepower required to hover becomes: 


P + P 
"Iun TTR = 


Eos real studies have shown that the tail rotor power 


required to hover can be approximated by 


P NE [EGO ta horsepower tO hover] 
Tac 


This allows one to write the main rotor power required to 


hover as: 


E (.88) (P4) (ono) 


D 





Eur ne Greenrfield's |Ref. 5] development further, 
Eu usscrons (5.2) and (3.7) are substituted in equation 


es), One obtains 


P. NEC OUEST y V DE 
H6000/95 
.95803 -5 E 2 z 
a Ol A N V (3216) 
LRo 

3 — 

+ 2473.6 Se £l DEEG 
Vo 





Fr io the approximation for tail rotor power, 
Eu» 05.9). equation (5.10) can be solved for W 
E unosseowerght) as a function of variables VT (tip speed), 
ERE rotor disk loading), Cr no CeOuoqgancan elt romeoettrclent) 


and P Kotal poner to never). 


T 





we SEH? 
where: 
K. = p 5 (10)? (E 
1 7 °T6000/90° K. i 
A O O) bere 
2 em LRo 
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553480 


K = Ke MSIE) 
EE 
E ^ (3.114) 
9 
K, = — (1 + 1.80779 C, V ^) (SAA) 
O 


Equation (3.11) has been programmed in Appendix B 
WER Oled for tip speeds from 600 to 700 cps and Cip 
DNE tO .7. 

Eauceron (5.11) s one of the two primary equations used 
koModrain the data required for a carpet plot design 
analisis... Generally, the variables Ve DES Ct no and 


P^ EJ ure required for solution have specific ranges 
test depending on the weight class of the helicopter 
Demo ndesioned. The graphical results of equation (5.11) 
ep Speeds of GOU to 700 fps and mean lift coefficients 
Gs suc em and .7 are illustrated in Figure 3.1. 

Both the Fortran and Disspla programs, as well as a 


decision making flow chart are provided in Appendix C 


HOUSE unc this method for a design solution. 


E. WEIGHT EQUATIONS 
Weroht equations need to be developed that realistically 
MENN SEEN si zing class of the helicopter being designed. 


lU S O is greatly simplified if a specific engine 
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y 


gnstallation {# and horsepower] is assumed, since the 

weight of a number of components depend only on the 
installed power; this would include such terms as the engine 
controls and accessories. Another category would be those 
components whose weights depend on either the gross weight 
Mao OF more of the following in combination: rotor tip 
speed (Ve) > OE TO HIE EL rotor solidity (o). 

The equations developed here are taken from the Hiller 
pera rt Corporation Performance Data Report. [Ref. 5] In 
F rc port they assumed a specific engine installation, 
the Allison T-65 with a military power rating at sea level 
pu 50 horsepower. 

There is a possible problem of the validity of these 
Pememe relationships when applied to different helicopter 
m out eEategsories. However, assuming a specific engine 
HE IHnes a number of the component weights, and thus 
nues the inaccuracies. Using the weight estimation 
n eushrps developed in the Helicopter Design Manual 
Me WAN “Che engine, control and accessory weight can be 
Sail ted and the weight formulas developed here applied 
Marea representative useful load and empty weight 
ps qí or preliminary design analysis. This is done in 


Do aq “for a 20,000 pound class helicopter. 
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The following relations are used to reduce the component 


Weight formulas for the specification helicopter: 


Military rating for Allison T-63 at sea level.) 


Power Loading.) 


Using 
a ified 


following: 


W/DL = A 


W/PL = MHP 


EN 


Aisne, Controls and Accessories 


Engine Section 
Group 


Main Irans- 
mission 


mower Drive 
shaft 


Tail Rotor 


Ep e 


wil. 295 
10.43 = 
(PL vn) 8°? 


1.05 
Een b 


1.14 


W 
EL M 


Suum 
TJ 
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CE 


TR“ 


250 


e 


Ga) 


(PL = 


al, 


these equations the component weight for the 


Helicopter empty weight may be reduced to the 


617 571bs. 
o Eu DIS ETE) 
ENEE ds 
se = 
266 p [oq 
17449 = 
ESCHER (3.138) 
T 





Bu neine, controls and accessories category includes 


mens rtens as lubrication and oil cooling system, engines, 


ENUNMECAtlIons, engine controls, engine accessories, 


Ex u i S starting system, furnishing, flight controls, 


EE system and stabilization. These are considered 


fixed weight items determined from specification of the 


Encmuesand weight class of the helicopter. 


mal Rotor yon? 
Gear Box 5.7 eT d 
SN Ee 





anl Rotor q 1.555 57 
Drive . 124 = “3E = 2.886 P` An 
Saat t (PL Va)” (CODE 
Body and 
Gear iy IN 
Landing 
Rotor H Orel — 
Blade e EE Mee 99 
MeSterino Vr LDL) T 
Rotor Blade 1205255 = 
Artic- 19.77 4—5 = 19.77 Ù LE 
ulated V (DL) ` 1% 
Rotor Hub wi: 21 21 
Teetering .0083 - .0088 WA' 
Dou 

DL 
Rotor Hub y+-21 21 
pen eC - 00975 Me 00975 WA' 
ülated DE- 
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[354 


Së 


Ese 


13) 


20) 


21) 


22) 


.23) 


.24) 





Fuel System .416 per gallon capacity = .0615 We PEPA 


Nene We = lie We one 


The individual component weights may now be combined 


into a single expression for the helicopter empty weisht. 


DNE 0-000178. EE een dr EE, 

F F erer? 
E 

EE ^ zu 9: + 02947" 


A p Oo i Ste rotor blade and hub weights. 


n d cariier, tie design specifications called for 
ENA era load Consisting of a pilot (200 lbs), payload 
Beine) and the required fuel weight (W). The fuel 
Matas calculated for the Allison T-63 in the following 
ux endurance of three hours at 85 percent of normal 
NM uEpoxcred for the T-63 is 180.2 HP and the specific 
mec onsunption at this power is .783 ibs fuel/BHP HR. 
trans an allowance for a three-minute warm-up at NRP 
Memoranda 5 percent correction factor on SFC, as 


EE e Reference 5, the fuel weight becomes: 


W. = 3(180.2)(.822) + 5 (212) (777) 5927 


An allowance should also be made for oil plus trapped 


r NES js estimated at 20 Ibs. 
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The total useful load is the sum of the useful load 


items. 


KA 2095-4001 155 o OS 1072.6 1os (3.28) 


A new variable, We AR $15 dérined as” the sum of the 
ae weteht plus useful load. It is the of equations 


/m- 26) and (3.28). 


E. S .7 | 17449 un 
"BAR = 1717.9 + 1221P = 2660P an mo vm + 58.47/P 
V 
T 
— 
+ 2.886P"/A + .ıgıw >10 + .o204w'?” 


appropriate totor blade and hub weights. 


Exxon (5.11) together with equation (3.29) form the 
meets Of a Carpet plot design study. These equations are 
Solved simultaneously for “BAR Dis solution is Dest 
waed graphically, as in Figure 3.2. The graph in 


ure 2 was generated for a specific value of Cor over 


ss tip speeds - [600 to 700]. 


F. GRAPHICAL ANALYSIS 

Eros millqay to Figure 5.1 are generated for several 
male CO Cip qj re hen cross plocted to form ligure 
SECH 


Memecan lift coefficient, Cip , values are selected 


based on what is considered the historical average range of 
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s Figure 3.5 is basic plot for a carpet plot design 
Ana. Programs are provided in Appendix D which will 
pomerate the required data sets and plots of Figures 5.2 
m 5.3. 

Mac olution tield depicted in Figure 3.3 is too large 
MONDE Of great anaiytic value and as such must be reduced. 
Mivece parameters, maximum gross weight, rotor diameter 
HERE eet in tne Design Specification) and the 


EEcct oratio can be used to narrow the field of solutions. 


1. Rotor Diameter Boundary 
Bonet to exceed value for the rotor diameter is 
EE UN given in the design specifications. This 
Ma ina value 1s based on the operating environment of the 
R Oper. With R max specified, there is a linear 


relationship between the disk loading and the gross weight. 





iMtemmesultine bracketing of the solution field by 
applying both the maximum gross weight and maximum rotor 


tame ter limits to the carpet plot are shown in Figure 3.4. 


ON De pese Ratio Boundary 


meee den c hat a furcher restriction 1s still 


necessary to completely define the region of acceptable 
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EEwnesolutions. Studies have indicated that a main 


! ez et 
rotor aspect ratio of 21, is a representative upper limit. 


Thus 
DEO GI E 
Impr qb DOR LR T: 
2] > ——— = — = 
— C<mr> TO Cm DE 
2 
bere aC V 
LRS T 
ET EE 


For the case of a two bladed main rotor equation (3.350) 


reduces to: 


2 
DL » .000012 C,, V, 


Me MA etcemination Of this boundary graphically is as 
follows: 

urxUver solution plot of Figure 5.2 is replotted“ 
f/m tative to the coordinates disk loading and design mean 
ENA MIT Èt coefficient. The limiting curves for 
DL - .000012 C,, V,^ are then plotted. The intersection 


Mie appropriate constant tip speed lines of the hover 


Son represent the aspect ratio boundary; Figure 3.5. 


"For acontecer rotor thesaspect ratio is defined as 
en o us divided by the chord. 


2 ` : : 
Netart lines of constant gross weight are omitted. 
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aspect ralio boundary plot 
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Disk Loading 


2.3 


2.2 


2.1 


Aspect Ratio Boundary Plot 


lol O 


F 





Ip emtersection points are then cross plotted onto 
End. Figure 3.6 represents a graphical plot of the 
solution set satisfying the performance and structural 
Meomemecriteria of a small observation helicopter as 


sc lied in this study. 
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TV HES CONE 


pee DESCRIPTION OF PROGRAM | 

HSM. IS a helicopter sizing and EE eonputer 
program developed by the Boeing Vertol Company. The program 
E assrsnally formulated to provide for rapid configuration 
sesion studies. 

A number of programming options are available to the 
EE HESCOMP. When the type and mission profile of the 
helicopter are known, HESCOMP may be used to size the 
erat. Alternately, it may be used for mission profile 
Es aeyons when the sizing details [gross weight, payload, 
e size, ete.]| are specified. A combination of these 
two options is also available; the program may be used to 
s s car helicopter for a primary mission and then 
Alas ene off-design performance for other missions. 
Eeer HESCOMP may be used solely for obtaining helicopter 
c Ilir. | 

an MirayneEy studies involving both design and per- 
formance tradeoffs can easily be done with HESCOMP.  Incre- 
Ma and Eiplicative and additive factors can be imbedded 
e input data. 

Mera ious helicopter configurations that may be 


Reden ne HESCOMP are detailed in Table 4.1. 


54 





TINDIPER dl 


Heel COPTER CONFIGURATIONS 
MELICH “WAY BE STUDIED USING HESCOMP 


HELICOPTER CONFIGURATIONS WHICH MAY BE STUDIED USING 1ESCOMP. 


Additional Lift/Propulnion 
ystem Components Hhich 
ust be Added to 
Helicoptec "Pure" 


Type Conf. 
(Doth Single & Tandem Rotor) 













Type of Auxitiary 
Independdnt Engines 


T/Shaft T/Jet 


Propelter 
for 
Auxiliary 
Propulsion 





Auxiliary 
Independent 
Engines 
















Pure Helicopter 


Winged Helicopter 
Compound Helicopter 


(1) Coupied (prim. engines 
drive auxiliary propulsion 
system) 


(2) Auxiliary independent 
propulsion system 


(u) T/Shaft engine 


(L) T/Fan engine 
(c) T/Jet engine 


> > >< 





Auxiliary Propulsion tlellcopter 


(1) Coupled (prim. engines 
drive auxillary propulsion 
system) 


(2) Auxiliary independent 
propulsion system 


(a) T/Shaft engine 
(b) T/Fan engine 
s £ eng Lng 


`oaxial Rotor ttellcopter 


(1) Coupled (prim, engines 
drlve auxlliacy propulsion 
system) 


(2) Auxiliary Independent 
propulsion system 


(a) T/Shaft engine 
(b) T/Fan englne 


(c) T/Jet engine 


SIS 





B. PROGRAM MODIFICATIONS AND IMPLEMENTATION 

The computer program received from Boeing Vertol 
required some modification and reformating in order to run 
properly on the Naval Postgraduate School IBM system. 
Miesertalterations did not, however, alter the program output 
aa usability. 

i G I DS received from Boeing Vertol, was 17821 
lines long and set-up as a sequential data set to be 
assemble on a 'G compiler'. The Batch processing system at 
the Naval Postgraduate Scnool accepts only programs set to 
ion compiler'. Normally, the differences between 
eiese two compilers are minor and programs that run on one 
will run on the other. However, this was not the case with 
HESCOMP. 

Mmoraer tO facilitate the program debugging process, 
Els reformatted as a partitioned data set. What 
this effectively did was to break the program down into 
eight members of approximately 2000 lines. The program 
Breakdeun 1S illustrated in Table 4.2. 

Each of these were compiled individually and then error 
codes analyzed. The member data set was then modified as 
meguiredero properly compile. 

Onesesarı che members of the partitioned data set 
compiled properly, HESCOMP was again formated as a 


sequential data set and run utilizing input data for 
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Mica there was a known output. 


Inis insured 


that the 


n C I TOns made to the original program had not altered 


pue logic, 


Mave faulty results. 


The control language program to access HESCOMB on the 


Bicehsprocessing system and a sample input and out data 


Seteare shown in Appendix D. 


mu eNeno drsk for copying and use. 


MEMBER NAME 


SU 
S 
5 
S4 
SS 
5 9 
97 


Se 


C. PROGRAM FLOW 


TABLE 4. 2 


PARETIT TONED DATA SET 


LINE NUMBER 


1682 


4133 


OU 
10871 
13043 


15384 


1681 


qc 


SUE TAS 


1681 


245] 


These are also available 


FIRST ROUTINE 


AE RO 
CLIMB 
XIBIV 
POWAVL 
Ero i 
ROT POW 
SUS 


TAXI 


Mero ilis conceptually outlined in Figure 4.1, 


—— 7]. 


s concrols a series of peripheral programs. 


S 


The program flow is monitored by a general loop, 


There are 





INLINE ANU PROPLLIER/KOTOR DATA 
¡Mint SEZIMG CRITERIA 
VEHICLE GCROMETRIC DEF EMIT IONS 


Sutlivsiim Wi (GII TREND COEFFICIENTS 


VEHICLE ALRUDIMAMIC CHARACTERISTICS — 


MISSION PARÉ ILE DATA 





MISSION 
PERF ORIA NC E 
SUBP RUG RAN 


ACCESSES 9 
PERFORMANCE 
SUBROUTINES 


ESE An l. 










ATMOSPHERE 
SUU ROUTINE 












PROPELLER 
PERFORMANCE 
SUB NDUTTNL 


AC RO 
DYNAMICS 
SUU ROUT EME 


INPUT 


ROTOR 


PERFORMANCE 
SUBROUTINE 


ENGINE PERF. 


SUO ROUT 1 N( 





GENERAL 
CONTROL 
LOOP 


SIZE TREMOS 


SUOROUIINML 
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An 


DRAG 
SUB ROUT INE 


ENGINE 
SIZING 
SUU RUUT INE 


Wf IGHIS 


T RE NOS 
SUBKOUT INE 





e OF TAILED VEUICLI DIMENSIONS 
e SUUSTS EMS will DN AK DOWN 


l e (NGINE RATED POIA 





e "1S510N PIRIORMANUL 


HESCOMP Program Flow 


e PARASI IE. ORAG. BREAKDOUN 


IM Hur TORY 





ro tallo 44 subroutines. Detailed program descriptions 


Sami be found in Section 4 of the HESCOMP User's Manual. 


D. PROGRAM INPUT 

anccpumEnputccan be loosely group into ten categories: 
pwent information, aircraft descriptive information, 
n siontprotilé information, rotor tip speed schedule, 
er mental rotor performance, auxiliary propulsion input 
derede engine cycle information, rotor performance 
roma tion, propeller performance information, and 
Soop kementary input information. 

itemactual amount of input data requires varies greatly 
cien program options selected. An example of a data 
set formatted to run on the IBM system is shown in 
ee more detailed explantion is available in 


Section 5 of the HESCOMP User's Manual. 


EN PROGRAM OUTPUT 

En mple OL the program output is included in 
r s is Er The printout consists of general data, input 
data, sizing data [program BEES mission performance 
DM re size helicopter]. Detailed descriptions of 
these and diagnostic error statements are described in 


Section 6 of Reference 60. 
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V. CONCLUSIONS AND RECOMMENDATIONS 


Inree approaches to analyzing a preliminary helicopter 
Es uswere explored in the course of this paper. It was 
found that a number of the performance equations could be 
Ese simplitied with little degradation in the final 
EE A SCNSItivity analysis brought further insight 
u E uc inter-play of the parameters and how changes in 
Miciimecnaded tO effect the helicopter performance equations. 

Ser Plots provided the most interesting method of 
Eg Development of a graphical solution matrix 
using this method provides a usual interpretation of what 
ES e uring when key parameters are varied. 

EE Were explored; a light observation helicopter 
mathe 5,000 pound weight class and a heavier utility 
mean seprer in the 20,000 pound weight class. The Carpet 
s metnoc provided reasonable solutions in both cases. 
Ma enn Ehe analysis for the utility helicopter, the 
ale lgnht estimation equation had to be adjusted 
n o appreximately 2,000 pounds for the equations to 
ias o roperly. This is not considered a limitation 
weeet hod ot analysis, however, it does point up an 
area for further investigation. [t may be possible to 
ss nor accurate weighing factors for this equation 


When dealing with higher gross weight helicopters. 
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Ber ONI provides a plethora of information to the user. 
ES ro the price is the amount of inputed data required 
mose ven a Simplified analysis. At a preliminary design 
E analysis, the other methods explored provide a 


NUR crOTILrst-cut look at the potential design. 
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AR 


TR 


DL 
FM 


BP 


TR 


APENDIX A: NOMENCLATURE 


DERINTTTON 


Sope or Airroll Section 
PNE IE 


Rotor Disk Area 
Aspect Ratio 


Tail Rotor Disk Area 


Number of Rotor Baldes 
Pips Loss Factor 
Main Rotor Cord 


omite Das Oe Nee me 
Aero Lift 


Design Mean Blade Lift 
Coefficient at Sea Level 


(Co ficcion of Thrust 
Coefficient of Power 


AKE Sectiol Drag 
Coe mite ment 


Disk Loading 
ESO SE 
Horsepower 


Ta11 Rotor Moment Arm 


Air Density 
Advance Ratio 


Rotor Radius 
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UNITS 
Radians 


7 
c 


Ru 


Dimensionless 


ft” 


Dimensionless 
Dimensionless 
Ft 


Dimensionless 
Dimensionless 


Dimensionless 
Dimensionless 
Dimensionless 


I 


Dimensionless 


det 


lb an 
Dimensionless 


dee 





W 


"BAR 


EE 


Total Power 

Main Rotor Total Power 
Tail Rotor Total Power 
Profile Power 

Induced Power 

Parasite Power 


Power Loading 
Rotor Radius 
Dese 


duced Velocity 
FO ur Velocity 


E Speed 


ROBOS peca 


Altemareraross Weicnt 
Empty Weight 


Fuel yeichit 
Useful Load 


Empty Weight Plust 
Useful Load 


SOlidity 
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UNITS 


HE 


LIP 


LIP 


HP 


HE 


CES TE 
ER 
HP 


ft/sec 


ft/sec 


ft/ sec 


ft/sec 


lbs 
IDS 


los 


lbs 


lbs 


Dimensionless 





APPENDIX b: CARPET PLOT FORMULATION FOR 20,000 LB. 


E E EE 


Bl Sweet CATIONS: 


Maximum Gross Weight: 20,000 pounds 
Maximum Rotor Diameter: 30 feet 


B2 ERELTMTNARY ENGINE SIZING: 


B2 


BZ: 


Set 


EE ERR EE to determine engine 
EE category. 


W = (4.753P,R]°/° 
20,000 = [47.53P. s 
P. - 1983 HP 


[E T H TT parameters tables B.] 
CO ene che Number and type ot power plant 
[table taken from Reference 3]. 
Lc pe andan „2 type C. 
Boo pec1t1cations: 

De avet cht. Pomarnomme 425 pounds 

Share Horseparer JE Standard Sea Level: 


Military 1561 HP 


Normal IL Sls al? 


B3 WEIGHT EQUATION FORMULATION 


Be 


1 


WeMobtEain the engine control and accessory 
aeus e items 7, 9. 105 11, 12 and 13 of 

E coht €Stimation relationships developed 
ee trenes S fOr a utility helicopter: 

GEN UO Bs: #9: 129 Tbs. #10: 7/6 lbs; 
Is ALZAS les. and #15; 302 lbs. 
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TAPI AE 1 


ENGINE SELECTION PARAMETERS 


The following turboshat power plant data are 


presented for one engine. 


Engines: 

Dry Weight (lbs) 

Bae (ssl) Military 
Normal 


Cruise 


eee (ssl) Military 


Normal 
Cruise 
iU lal Costs 


Operating Cost 
per hour/engine 


Preventative Maint 
per hour/engine 


MEBMA (hrs) 
MDT (hrs) 
haope (hrs) 


MTBR (hrs) 


A 


150 


$93K 


$8 


25 


105 


600 


B 
288 
708 
659 
494 

zc DES 
D 
29:91) 


$100K 


$16 


$50 


eeh 


05 


C 
423 
qs One 
ge 
a 
460 
.470 
S 


$580K 


$20 


19 
1800 
SOU 
1148 
S 
.606 
00l 


$360K 


$35 


$125 


E 

580 
EE 
2200 
jo 
0185 
"O 
319-078 


$640K 


$40 


$160 


Í 

MOU 
3400 
3000 
BEER 
.545 
m0 
2009 


$700K 


$60 


s Ü 


DE 
u u 
= | 





by 


Eeer 





V S 2 W _ Ma. lA 
wo on MHP = 31,00 ; P gt 
) 
NO T OU 
EE s az los 
Main Transmission 
l — oe n 
10.43 RAE 
E B 

(*pm V.) ix] (4pm) Vo 
= (19,48) (no) peo 
Oe É 
Rotor Drive Shaft 

1.05 
2.56 i BEE ° ps 
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B5.12 Fuel System 20/9155 We 


Gılkemlatıon of fuel weight three hours at 
CDL ewe RUD 
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1664 1bs 


B3.13 Total Equation 


WB = 12,987,* « 107948p:993 , is4sp.7 


307600 — 
* Tg + 206P E 
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+ 91719 &. 02944: ?> 
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B4 HOVER EQUATION 


ON Son ne rene formulation in section of Chapter 3, 


Ma ME rent equation based on the design mean lift coeffi- 


Eeer required”is: 


* ` 
Mw DT was increased trom 8987 to 12987 to bring 
ENEE EE Ee This reflects a 4000 Ib useful load. 
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e. - 553480.0 
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—— 


SIA PETCAL RESULTS 

are B. l is an example ot equation (3.13) plotted 
As t equation (B.4) for a specific design mean lift 
Oc iClent. 

nn 1linstrates the family of curves obtained 
hicmechenaesion mean lift coefficient is varied from 
Omen to) 0. 7 

MU unR-35.5 the solution matrix depicted in Figure 
men coved by the Constraints placed on the gross 


Deko rotror diameter and aspect ratio. 
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EPPENDIX C. CARPET PLOT METHODOLOGY FLOW CHART AND 
EXAMPLE PROGRAMS: 


iss S c (On Contains a flow chart to help organize 
aca rpet analysis and example IBM computer programs to 


Broduce the data sets and disspla graphs. 
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This section contains the control language programs 
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Mias section contains samples of the IBM computer 
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